Th e images of head checking faults of railway rails have been examined by laser scattering method. Th e studies used the functions of similarity and distance, both for binary images and multi-level quantized ones. Th e analysis was performed on the basis of numerical calculations, experimentally determined images of samples of these defects. Th ese type of functions have proven extremely useful in evaluating these faults and can be used to classify them.
Introduction
Rolling Contact Fatigue (RCF) has a signifi cant impact on railway traffi c safety. Th erefore complex phenomena accompanying these defects are analyzed in the framework of the research program of the European Railway Research Institute [2] and to unify the terminology (UIC Rail Defect Catalog) [21] .
A representative example of this disadvantage is the head checking (HC) defect, which results from the fatigue of the rolling surface material of the rail when the rail is subjected to cyclic loading due to the pressure of the wheels of the passing train [4, 22] . As a result of this pressure, repeated subsurface stresses occur and consequently microcracks. Th e depth of these microcracks varies from a millimeter to a few millimeters. Th ey develop into the depths of the rails until critical dimensions are reached, leading to cracks and fractures [3, [17] [18] [19] [20] . Th is results in numerous derailments and accompanying serious consequences.
Th erefore, it is very important to thoroughly examine these defects, possibly by various methods. It can be mentioned here ultrasonic method as the basic used by PKP PLK S.A. [7] , Method of Eddying Current (ED) [8, 16] , Magnetic Flux Leakage (MFL) [8] or Method of Metal Magnetic Memory (MMM) [6] . Neither method is perfect, hence the search for alternative solutions.
Th erefore, the authors investigate the disadvantages of contact and tension of railway rails, for several years they have been testing optical methods, including the method of laser scatterometry [9, [11] [12] [13] [14] . Figure 1 shows the principle of measurement with this method. It consists of scanning the rail surface with a laser beam and recording the refl ected beam or diff use beam [9] .
Th e beam of light emitted by the laser is directed at an angle to the running surface of the rail. Th e detector, when recording the image by the camera, records the laser light distribution. When the surface of the rails is perfectly smooth, there is a mirror image, whereas when the surface contains surface defects, the laser beam is scattered. Fig. 1 . Th e principle of measurement of surface defects of railway rails using the method laser scattering
Exemplary results of tests of HC defect images
Th e tests were carried out with rail fragments removed from the railway track with real defects HC and the standard of these defects, made mechanically (high power laser cutting) on the rolling surface of the rail head. Figure 2 shows samples of HC defects, numbered 1 to 5, and HC12, HC13 and HC14 defect standards, respectively, in widths, 0.65, 0.7 and 0.75 mm. Fig. 3 correspond to the laser light distribution from the HC defects shown in Fig. 2b , numbered 1 to 5. Th ere is a superposition of the refl ection diff used from the defect and the mirror from the contiguous surface of the rail.
Th e images in
Similar image registrations are shown in Figure 4 . Th is time, they refer to the HC fl aw patterns shown in Figure 2b . 
Similarity functions and distance functions of HC images
Similarity functions and distance functions have been used to evaluate the defects of HC. A measure of the similarity between two images, such as images obtained by laser sketching, can be defi ned as a function f with properties:
i.e. converting two objects (images) A and B into the interval [0, 1]. If both objects are identical, the value is 1. Th e most commonly used in literature for similarity functions are correlation functions and Tanimoto functions [10] and for the binary images, the Jaccard index [1] and the Sørensen coeffi cient [15] . Th e correlation function is defi ned as [10] [11] [12] .
where: w and w  is a two-dimensional matrix containing the pixel values of the two images being compared, w means the module of vector w (image). Its values are in the range of [0, 1] . Th e Tanimoto function is defi ned as [10] [11] [12] :
For binary images, the Jaccard index is defi ned as follows [1] :
where: symbol  denotes conjunction and symbol  denotes alternation of two sets.
In turn, the Sørensen coeffi cient [15] , although mainly used to evaluate the similarity of the two samples and created by the botanist Th orvald Sørensen in 1948, can also be applied in other areas. It is similar to the Jaccard index: 2
where: symbol + means the set of all samples from both A and B sets.
It can be also used the distance functions G or metrics, with a relation F = 1 / G if G is diff erent from zero. Th e distance function (or metric) on the set X is called the function :
d X X  R satisfying the following conditions:
0if and only if
Sometimes it is considered the so-called pseudometric spaces, where in the fi rst condition the existence of other objects with a "zero distance". Euclidean metrics are oft en used in research work [10] :
where: N is the number of elements of the set X. Another metric that is oft en used is the Minkowski metric [10] :
Minkowski's metric can be considered as an extension of Euclidean's metric.
One pseudo-metric can be defi ned using the cardinal sinc function so-called sinc function, especially used in optics [5] , i.e.
It can be selected the interval (-p, p] and specify the pseudo-metric in this fi eld:
Th is interval as a domain of a function is commonly used in case of Fourier transform.
Numerical calculations
Th e similarity functions and metrics defi ned in point 3 were used for numerical calculations of defects of HC Fig. 3, their patterns, Fig. 4 , and the images of rolling surfaces of rails, Fig. 5 . First, results are presented for the binary images. Table 1 presents the results obtained when comparing the images shown in Figure 3 . Both the Jaccard index and the Sørensen coeffi cient are designed to emphasize the similarity between the two samples. As can be seen from the calculations, the similarity of the individual HC defects is signifi cant with a slight advantage of the Sørensen coeffi cient. For example, binary HC4 and HC5 images have been used. In this case, Jaccard index is 0.84, while Sørensen coeffi cient -0.91, which means high similarity of images of these defects.
Similarly, Table 2 shows the results for the image patterns in Fig. 4 . Here too the same similarity measures were used, as in Table 1 , and trends are similar to those for real defects. Th e width of their cuts is recognized. Table 3 shows the similarity between the two types of images in Figures 3 and 4 . Th e obtained values show a slight similarity between the actual HC defects and their patterns, i.e. the two groups of images differ signifi cantly. Th e reasons should probably be seen in too wide a pattern width (point 2), with the hairspace width of the real defects. In the images of real defects clearly visible refl ection of the mirror, while in the images of defect patterns dominate the dispersion component. Table 4 allows us to assess how the actual HC defects are detected against the rolling surface of the rails, RSR1 (Fig. 5a), RSR2 (Fig. 5b) and RSR3 (Fig. 5c ). Jaccard's index performs better than this because the similarities are signifi cantly lower than for the Sørensen coeffi cient. It is suffi cient to classify here a simple threshold criterion. It should be noted that the more the surface of the rail will approximate the mirror surface, the smaller the coeffi cients will be, and the easier classifi cation.
Further calculations involve quantized images with a resolution of 8 bits, i.e. 256 levels. Two simi- Table 1 Th e results obtained for the images in Figure 3 Table 5 shows the similarity of images as in Table 4 . Th e function values for each of the rolling surfaces of the rails have a smaller scatter for each HC defect, especially for the correlation function, as compared to the binary images (Table 4) . Th is demonstrates the less distinction of their width. In addition, the surface of the RSR3 rail is characterized by the best mirror image of the light, as it has the relatively lowest values of proximity. Table 6 contains the values of Euclidean and Minkowski's distance functions and sinc pseudo-distances for the images of the defects and patterns of Figures 3 and 4 , respectively, and the rolling surfaces of Figure 5 . In the case of the Euclidean distance function, the Minkowski function and pseudo-distance sinc function, the values of these functions depend on the normalization of these functions. If the functions are similar, the values of the distance functions are close to zero. In the case of distinctly diff erent functions, the distance function can take a value greater than 1, which is evident in the Minkowski function.
Th e results obtained in the order of greatest distances were 0.81, 1.03 and 0.88, and for the smallest 0.68, 0.73 and 0.85. For the Euclidean function, this gives a diff erence of about 0.13 for the Minkowski function -about 0.3 a for the pseudo-distance sinc -0.03. So the distance functions shown at work give similar results to the same images.
Th e sinc function does not recognize the widths of real defects, just like the patterns. Its values for both types of images are similar, so the suitability in the classifi er is small.
Conclusion
Th e evaluation of the images of HC rail rails defects investigated by laser scatterometry has been performed. For this purpose, the functions of similarity and distance have been used. Th e results of the study refer to the images of real defects, their patterns and the rolling surfaces of the rail. Images of real defects have similar parameters. In contrast, HC1 and HC2 images are 0.71 and 0.83, respectively. Th ey are the least similar to each other. Th e images of real defects and rolling surfaces have been compared by means of Tanimoto and Correlation functions. Th ese results show that the images are clearly separated from each other in terms of similarity. Th e distance functions described by Euclidean, Minkowski and pseudo-sinc functions were also used to compare the defect images and their patterns against the rolling surface (Table 6) . Th e pseudo-distance sinc function gives the most compact results for defect images, similarly to their patterns. Th erefore its usefulness in comparison with other functions is small.
When analyzing images of HC defects and rolling surfaces, all the results of the investigated functions give the correct results, except for the pseudodistance sinc. Similar results can be obtained for defect patterns and rolling surfaces. On the other hand, images of defect patterns are not very similar to real HC defects, which is justifi ed in the text.
In order to accurately assess the entire length of HC defects, it would be necessary to scan them with a laser beam in multiple transverse sections. Th e resulting images should then be superposed for further analysis. Th is will be the subject of further research by the authors.
In addition, such studies should concern a larger population of rails samples. Th is will allow for the proper selection of defect classifi ers, based not only on threshold values but more advanced, using intelligent algorithms [10] .
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Оценка изображений дефектов рельсов типа head checking в исследованиях при использования метода лазерной скаттерометрии Резюме В статье была проведена оценка образцов дефектов железнодорожных рельсов типа head checking, те-стированных методом лазерной скаттерометрии. В исследовании были использованы функции сход-ства и расстояния, так для бимодальных образцов как и образцов многоуровненно квантованых. Ана-лиз был проведен на основании цифровых вычислений, определенных экспериментально образцов этих дефектов. Этого типа функции показались черезвычайно полезными для оценки этих дефектов и могут быть использован для их классификации.
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